Figure 1. Amino Acid Sequence of ERp29 and Alignment with Selected Proteins
Bars at the top indicate the positions of regular secondary structure elements in ERp29. The residue numbering of ERp29 is shown at the top. The linker residues between the N-and C-terminal domains are underlined. Alignments for both domains are shown for the ERp29 homologs, human ERp28 (GenBank XM007009), Drosophila Windbeutel (AF025408), and the P5-like PDIs from alfalfa (Aa-PDI; P38661) and Dictyostelium discoideum (Dd-PDI; AAB86685). The latter two proteins have two thioredoxin-like domains, both of which were included in the alignment. Dark shading indicates identical residues; lighter shading indicates conservative changes. heavy chains in the multipartite complex containing all seems to be involved in thyroglobulin processing, as its mRNA expression is enhanced 3-fold in rat thyrocytes major ER chaperones (L. Hendershot, personal communication). Furthermore, ERp29-BiP complexes were obupon induction by thyroid-stimulating hormone [13] . These data demonstrate the capability of ERp29 to bind served in FAO rat hepatoma cells [7] . Finally, ERp29
Results and Discussion

Protein Expression
Full-length ERp29 (residues 33-260) was expressed as a 27 kDa construct with the N-terminal His tag sequence MRGSHHHHHHGS. Two additional constructs were designed, comprising the individual domains with N-terminal His-tag. The N-terminal domain (Leu33-Met154) was expressed with the same tag as the full-length protein. The construct of the C-terminal domain (Met154-Leu260) was preceded by the tag sequence MRGS HHHHHHGIR. Whereas the C-terminal domain was readily expressed in E. coli, the N-terminal domain expressed poorly and was prone to irreversible precipitation. Therefore, NMR samples of the N-terminal domain were prepared by the expression of full-length ERp29 followed by chemical cleavage at Cys157 by the cysteine-specific reagent NTCB and purification as described in Experimental Procedures. The presence of the Histag did not interfere much with the NMR analysis, as no clear cross peaks could be observed for any of the histidine protons.
Structure of the N-Terminal Domain of ERp29
The structure of the N-terminal domain of ERp29 was determined in aqueous solution at pH 4.9, 31ЊC, using protein concentrations of about 0.5 mM. Although the NMR signals were broader than expected for a mono- insufficient sensitivity in the 3D NOESY-HSQC spectra. Thus, all distance restraints were taken as arising from a monomer, and the structure at the dimer interface may be distorted as a result. to a range of different proteins and suggest a role similar to human PDI, which can assist protein folding in a The NMR structure of the N-terminal domain of ERp29 (Figures 2 and 4) To provide a basis for further functional studies, we orientation. In particular, Pro116 was modeled with a trans peptide bond, although only one of the two sedetermined the three-dimensional structure of ERp29 (Figure 2) . Initial attempts to crystallize ERp29 failed. quential d ␣␦ NOEs seemed to be intense, and the absence of a sequential d ␣␣ NOE could not be verified, Consequently, we have determined the three-dimensional structures of the N-and C-terminal domains sepadue to overlap with t 1 noise from the residual water resonance. This residue is conserved between ERp29 rately by NMR spectroscopy. In addition, the full-length protein was studied to identify the dimerization domain and PDIs (Figure 1 ) and forms a cis peptide bond in most thioredoxin-like domains. trans peptide bonds and interface, interdomain mobility, and sites involved in the formation of higher oligomers. ERp29 presents have, however, also been observed. Examples are glutathione peroxidase [25] and the spliceosomal protein U5 one of the largest systems that has been studied by NMR spectroscopy at this level of detail.
[26], where the corresponding residues are nonproline residues, and the third domain of calsequestrin, which long-range NOE was observed already for Leu158, indicating a relatively rigid conformation, despite the variahas a proline at this position [27] . Like in ERp29, the thioredoxin-like domains of all these proteins are devoid tion observed between the different NMR conformers (Figure 6b ). of the redox-active Cys-X-X-Cys motif. When thioredoxin and glutaredoxin bind peptides via a disulfide
In many proteins with all-helical domains, the helices tend to arrange in a right-handed superhelix which can bridge to the Cys-X-X-Cys sequence, additional contacts take place at a site located between this motif and persist over many helical turns as in the structure of lytic transglycosylase (Protein Data Bank [PDB] code the cis proline corresponding to Pro116 in ERp29 [28] . There is no evidence that the corresponding site in 1QSA) [30] . Figures 4, 9a, and 9b) . As expected for a protein-protein interface, no rapidly exchanging amide protons were identified on this surface. However, the data are of limited value, as only a total of 14 cross peaks with the water could be identified for backbone amide protons. A more significant observation may be that the only 1 H NMR resonance that could be observed for a tyrosine hydroxyl proton was that of Tyr132, indicating slow exchange with the water, although this proton is solvent exposed in the monomeric structure (Figure 9a) .
Independent confirmation of the dimer interface came from a novel experiment where we used the paramagnetic relaxation agent Gd(DTPA-BMA) to probe amideproton solvent accessibility in full-length ERp29. Compared to TEMPOL, which is most frequently used in studies of solvent exposure, Gd(DTPA-BMA) is effective at about 20-fold lower concentration [31] . Because of the lower concentrations needed, chances for binding of the relaxation agent to the protein backbone are reduced. Consequently, the chemical shifts are more likely to be preserved in the presence of the relaxation agent. In the case of ERp29, the H N chemical shift changed by less than 0.04 ppm in the presence of 8 mM Gd(DTPA-BMA), which was important for tracking the resonances in crowded spectral regions. At this concentration of relaxation agent, some of the cross peaks disappeared. For example, the N ε H cross peak from the side chain of Trp198 disappeared, while that of Trp144 was still visible (Figures 7b and 7c) . As both side chain protons are solvent exposed in the structures of the monomeric domains, the protection of Trp144 suggests its participation in the dimerization interface.
To assist with the interpretation of the experimentally observed effects of Gd(DTPA-BMA) on the backbone amides (Figure 8b) , the water accessibility of the amide protons and a relaxation enhancement parameter R were calculated, using the NMR structures of the N-and C-terminal domains to predict the relaxation enhancement. Figure 8c plots the water accessibility of the amide protons, and Figure 8d presents the predicted relaxation rate enhancement of the amide protons for a uniform 
